Samples of electrolytic tough pitch copper were deformed in equal channel angular pressing with enhanced productivity to quickly refine its initial coarsegrained microstructure at room temperature. The evolution in microstructure and changes in a broad range of properties were compared to a sample in the undeformed state. The microstructure evolution was evaluated using electron backscatter diffraction for both states and transmission electron microscopy for a detailed microstructure characterization of the deformed sample. The microstructure observations were correlated with the results of tensile tests, electrochemical tests in 3.5 wt% NaCl, electrical conductivity measurements and thermal stability up to 200°C. The ECAP process employed in this study caused a grain refinement from about 16 µm to about 600 nm. The microstructure refinement caused a 50% increase in both the YS and UTS. The elongation to failure, due to the high amount of LAGBs, maintained a high value of 13.3%. The corrosion and pitting potentials were higher for the deformed sample. Furthermore, the grain refinement caused a decrease in electrical conductivity from 100.2% IACS to 93.1% IACS, a drop of 7% IACS. The deformed sample displayed thermal stability up to a temperature of 175°C, where there was a drop in micro-hardness of more than 10%.
Introduction
Due to its high electrical conductivity, electrolytic tough pitch (ETP) copper is mainly used in industryimproves strength, but decreases electrical conductivity [5, 6] . A possible solution of this complicated problem is to refine the microstructure of the pure metal. Grain refinement results in an extremely significant increase in mechanical properties [7] . There is hope that this can help balance these counteracting features.
Grain refinement can be accomplished by severe plastic deformation (SPD) [8] methods. If the average grain size is reduced to below 1 µm, the microstructure is defined as ultrafine-grained (UFG). One of the most popular SPD methods is equal channel angular pressing (ECAP) [9] [10] [11] . In this method, a sample is pressed through two intersecting channels having the same cross-sectional dimensions, and the deformation is conducted by the intensive simple shear at the intersection of the channels. In its classical form, ECAP is known as too cumbersome to be used in industry for manufacturing UFG metals. One of its main limitations is that the sample must be removed from the die and reinserted after each pass [9] . In order to achieve significant grain refinement by implementing high strain, this operation must be repeated several times, which is both labor-and timeconsuming, and limits ECAP's potential for industrial applications. As a possible solution, equipment with an enhanced number of angular channels has been considered, which makes it possible to reduce the number of passes required to obtain the same material properties. In the present study, a modified multi-turn ECAP (mtECAP) for increased productivity was employed. Such a configuration, having as many as 5 turns, was experimentally investigated in [12] . The design of a 5-turn ECAP die for a combined route C ? Bc has also been patented [13] . A 3-turn ECAP channel was successfully proved to produce UFG aluminum with route Bc [14] , which is known as the most effective processing route for grain refinement [15] . A simplification enabling ECAP with route C in 2-turn (S-shaped) angular channel was used by Raab [16] in a laboratory rig to obtain UFG copper at room temperature and UFG titanium at elevated temperature for research purposes. An industry standard tooling for mtECAP with an S-shaped channel was introduced in [17] , and recently, in [18] , mtECAP technology for enhanced productivity was thoroughly described. Using an S-shaped channel, shearing in two deformation zones takes place during a single processing pass, which considerably increases the efficiency of the process and reduces the number of passes required to achieve a refined microstructure. The grain refinement achieved in multi-turn and conventional ECAP with the same number of shearing zones is the same. Therefore, by applying a larger number of shearing zones in one pass, effectiveness is increased by the same number of times. Also, the properties of such materials, such as micro-hardness, are the same [12] . Any mtECAP can decrease the number of passes compared to conventional the ECAP process in order to obtain the same grain refinement in the same material. Other advantages of using a multi-turn channel rather than conventional ECAP include a higher proportion of ultrafine grains, more uniform strain distribution and a relatively isotropic microstructure and mechanical properties [19] . Moreover, even in tail pieces a uniform strain distribution is observed when using this method [16] . Furthermore, in contrast to the conventional ECAP process, the shape of the sample remains unchanged after the deformation process. The mtECAP die having an S-shaped channel for the present study was developed based on the methodology described in [20] .
The increased number of grain boundaries, which inhibit the movement of dislocations [7] , causes hardening. This phenomenon has been widely described for pure copper processed using various SPD methods, such us high pressure torsion (HPT) [21] [22] [23] , accumulative roll bonding (ARB) [24] or different types of ECAP [25] [26] [27] [28] . However, grain refinement also affects functional properties such as corrosion resistance and electrical conductivity. As is widely known, the smaller the grains, the greater the total surface area of the grain boundaries which, as areas of increased energy, can stimulate corrosion processes or change corrosion behavior in relation to their coarse-grained counterparts [29, 30] . The greater number of grain boundaries can also affect the material's electrical properties. However, the electron scattering caused by the grain boundaries and dislocations is less than that caused by other structural defects [31] . This work was initiated to thoroughly investigate the correlation between the microstructural factors (grain shape and size as well as grain boundaries misorientation), the mechanical and functional properties (electrical conductivity and corrosion resistance) and the thermal stability of the deformed sample. This is the first time to our knowledge that such a combination of properties has been investigated for pure copper in the undeformed J Mater Sci (2018) 53:3862-3875 and unconventionally deformed states. The present work may serve to broaden the possible uses of ECAP-based methods in industry by presenting the properties that are possible to obtain in ETP copper deformed by this process.
Materials and methods
The material examined here was an electrolytic tough pitch copper with the chemical composition presented in Table 1 , where the main impurities are shown. The purity of the material was at least 99.9 wt %, which is the fundamental requirement for most electrical applications.
The material was received in the form of a round bar with a diameter of 35 mm extruded to achieve a half-hard state (H14). Samples with a cross section of 26-mm square and a length of 130 mm were machined to match the ECAP inlet channel. Six passes of 2-turn ECAP were conducted at room temperature using a die with an S-shaped channel of two 110°angles. The inlet outlet channels were offset by 1.5 units by connecting them with a middle-inclined channel where the unit equals the channel width. The pressing was performed using a commercial 100 kN hydraulic press. The total true strain obtained in the ECAP process is 10.7. The processing was conducted with a 90°sample rotation (route B C ) between passes, which corresponds to a combined route. During the 2-turn ECAP in the S-shaped channel, because of the shearing reverse, the second turn of the billet is equivalent to a 180°rotation between two passes of conventional ECAP [20] , which is known as route C. After each single pass through the 2-turn ECAP die, the sample was 90°rotated about its axis, and so, the exact applied route of six passes is a sixfold C ? Bc.
The samples in both the initial and deformed states were examined in terms of their microstructural changes, mechanical properties, corrosion resistance, electrical conductivity and thermal stability, since these are properties essential for industrial applications.
The microstructure was examined by electron backscatter diffraction (EBSD) analysis using a Hitachi SU-70 scanning electron microscope (SEM) with an accelerating voltage of 20 kV. Apart from orientation imaging maps (OIM), misorientation angle distribution and quantitative data regarding grains sizes and shapes were obtained from the EBSD measurements. The analyses were performed on an area containing more than 1 million points (pixels). Representative regions were chosen for presentation. In the case of the sample in the initial state, a 0.5 µm step was chosen, while for the deformed sample − 50 nm. The samples for the EBSD testing were prepared by grinding and then electropolishing on a Tenupol-5 system with a voltage of 9 kV and a temperature of 20°C. The detailed microstructure observations of the deformed copper were made using a JEOL JEM 1200 transmission electron microscope (TEM) with an accelerating voltage of 120 kV. The samples were prepared in the same way as for the EBSD analysis. The microstructure characterization was conducted on the X (transverse), Y (flow) and Z (normal) planes [10] for the deformed sample (EBSD, TEM) and on the planes transverse and parallel to the extrusion (i.e., longitudinal) direction for the initial sample (EBSD).
The mechanical properties were investigated using tensile tests, which were performed on samples cut in the direction parallel to the flow direction in the ECAP and parallel to the extrusion direction for the initial sample. Flat mini-samples were used, as presented in Fig. 1 . The thickness of the samples was 1.2 mm. The tensile tests were conducted using a Zwick/Roell testing machine with optical non-contact displacement measurements using digital image correlation (DIC) for accurate strain determination. The tests were conducted at a strain rate of 10 −3 s −1 at room temperature. Four tensile samples were tested for the copper in both its initial and deformed states. After the tensile tests, the fracture surfaces were observed using SEM. Corrosion behavior was examined in a solution containing 3.5 wt% NaCl, as copper is sensitive to localized corrosion in an aggressive chloride environment. Measurements were performed on the samples after grinding and polishing up to 1 µm diamond paste. Open-circuit potential (OCP) and potentiodynamic polarization (PP) were performed. Electrochemical measurements were conducted using an AutoLab PGSTAT32 N potentiostat/galvanostat. A conventional three-electrode cell was used, with a Pt wire as the counter electrode and a silver chloride electrode as the reference electrode. The OCP was observed over 30 min of immersion in the test solution. Potentiodynamic polarization scans were initiated after 30 min of immersion, with a scan rate of 1 mV/s. Electrical conductivity was measured at room temperature using the eddy current method on a SIMGASCOPE SMP10 device according to DIN EN 2004-1 and ASTM E 1004 standards. Prior to the measurements, the surface of each specimen was mechanically polished in order to remove any artifacts. The electrical conductivity was expressed as a relative value of the International Annealed Copper Standard (%IACS).
The thermal stability of the deformed sample was estimated by the micro-hardness measurements of samples after annealing at temperatures of 50, 75, 100, 125, 150, 175 and 200°C, for 15, 30, 45 and 60 min. For comparison purposes, the micro-hardness of the initial sample was measured at the boundary conditions. The micro-hardness measurements were performed using the Vicker's method with a load of 200 g (Hv0.2).
Results and discussion

Microstructure
The OIMs for the initial state are presented in Fig. 2 , which shows those planes transverse and parallel to the extrusion direction. Quantitative data on the microstructure are presented in Table 2 . The average grain size, including twins, is about 15.3 µm for the transverse plane and 15.9 µm for the plane parallel to the extrusion direction. The CV factor (the ratio of standard deviation to average grain size) for both planes shows a high value-above 1, which indicates that the structure has a considerable variety of grain sizes. The elongation factor α (the ratio of maximum diameter to average diameter) is higher for the parallel plane and equals 1.84, indicating elongated grains in comparison with grains having an equiaxial shape (ideal circle) α = 1. The sample in the initial state exhibits a very high percentage of high-angle grain boundaries (HAGBs), above 80% (see Table 2 ). The histograms of misorientation angle distributions (Fig. 4) are similar for both planes, with the highest peak corresponding to the twin boundaries, indicating the recrystallized microstructure.
The OIMs for the deformed sample for the three characteristic ECAP planes X, Y and Z are shown in Fig. 3 . A distinct grain size reduction is observed in the OIMs, with the quantitative data summarized in Table 2 . The average grain size is significantly reduced, from above 15 µm to 550-680 nm. Differences between the X and Z planes are negligible and are about 30 nm. The Y plane exhibits the highest average grain size, about 680 nm. Nevertheless, this plane is characterized by the most homogenous grains in terms of their size distribution, with a CV of 0.65. The elongation factor α is comparable for all planes, at about 1.4, which indicates a near equiaxial microstructure. The amount of HAGBs is almost 60% and is similar for all planes, with a slight increase for the Y plane. The histograms of misorientation angle distribution (Fig. 4) are very similar and typical for SPD-processed materials, where the highest peaks are for low misorientation angles.
It is commonly accepted that the optimal deformation route in ECAP for the formation of an ultrafine-grained equiaxial structure is route B C with a rotation by 90°around the X-axis between consecutive passes [32] . On the other hand, the route A was revealed as the route having the highest efficiency in terms of high-angle grain boundary formation, due to a lack of redundant strain [33] . The route C, in turn, yields a uniform effective strain distribution [34] , which can lead to a more homogenous microstructure and hence more isotropic properties. In the present study, a combination of routes C and B C was applied, which should combine the advantages of the two. The microstructure of the ETP copper after mtECAP was very uniform in the three planes investigated, meaning that the grains were close to equiaxial and similar in size. Nevertheless, the final grain size was larger than for the ECAP route B C [35] , which yields an average grain size of below 500 nm for the applied strain of 13.2. Also, in the ECAP process with 16 passes using the route B C , the grain size was estimated to be 0.49 µm [26] .
To be considered as UFG, a structure needs to consist mainly of high-angle grain boundaries (usually at a level of 70%) [36] . For pure copper, such a value is extremely difficult to achieve. In the present study, the fraction of HAGBs is close to 60%, which is superior compared to other reports. In [35] , the fraction of HAGBS was estimated as 50% after deformation using an ECAP process with 12 passes of the route B C (a total equivalent strain of 13.8), while after 10 passes of ECAP of pure copper, the amount of HAGBs was 36-46% and did not depend on which Figure 2 Orientation maps of the initial Cu sample: planes transverse and parallel to extrusion direction. plane was examined [37] . Therefore, one can conclude that, despite the higher value of the average grain size, the mtECAP process together with the chosen deformation route led to a microstructure of ETP copper with a higher content of HAGBs than in the conventional ECAP process. The process of grain refinement in copper begins with the formation of dislocation cells in the primary grains. With successive mtECAP passes and increased applied strain, the misorientation angles between the grains increase, eventually reaching a high-angle regime. However, even after the high total strain in the present study ( 10.7), the microstructure consists of a relatively high density of dislocation boundaries (40%) which have not been transformed into HAGBs. Figure 5 shows TEM images of the microstructures for the X, Y and Z planes for deformed copper. There is still a relatively high density of dislocations and cells inside the grains, which was also reported for copper in other works [38, 39] , even at higher strains [35] . In [37] , after 10 passes of ECAP the microstructure consisted of both equiaxial and elongated grains with a majority of LAGBs. Only after subsequent rolling did the microstructure become more equiaxial. In the case of the present study, slightly elongated grains are still visible after deformation. The lamellar structure with LAGBs in their interiors can be mostly seen in the Y plane (Fig. 3) . The X and Z planes feature more equiaxial grains. It should be noted that, for deformation using routes A and C, highly elongated grains were obtained [40] .
Differences between particular planes are commonly observed in samples after ECAP [41] . By changing the shearing characteristics, different shapes and sizes of grains can be produced. Such changes can be implemented by rotating the sample between consecutive passes. Changes in slip systems occur, and these cause differences between the three orthogonal planes-X, Y and Z. It has been proved experimentally that, by applying different deformation routes (A, B A , B C , C), grains having different characteristic result. Grain shape reflects the strain path implemented by the specific processing route [42] . In the present study, the microstructure of the deformed sample is a combination of route C (a shearing reverse in the second turn of the single pass) and B C (a 90°rotation of the sample between passes). Each processing route results in different distortions in the cubic elements in the X, Y and Z planes [10] . The restoration of the elements in route C is after each 2 passes, for route B C -after each 4 passes. Route B C because of the wide range of angular shearing in all planes (and highest for the X plane) is the most effective for forming equiaxial grains [41] . Furthermore, the microstructure is homogenous, while for the other routes an elongated grain shape results [15] . As a combination of routes was implemented in this study, an analysis of the differences between planes poses difficulties. TEM observations of a small region of the sample (Fig. 5) revealed the presence of elongated grains in the Y plane only, which is the effect of the shearing reverse in the second turn of each pass. In the Y plane using route C, shearing is performed only on those planes lying at 45°to the X-axis. Therefore, the width of the subgrains does not change after further passes [41] . Nevertheless, rotation between passes (route B C ) caused a reduction in the elongation of grains in the Y plane. Route B C introduced several intersecting slip systems, which caused an increase in the density of dislocations. Dislocations after re-arrangement and annihilation create arrays of equiaxial grains in all three planes. Therefore, as can be seen from the present study and from stereological analysis of the EBSD measurements (Table 2 ), the differences in grain shape in particular planes, when a higher area is considered, are negligible.
Mechanical properties
The average data of yield strength (YS), ultimate tensile strength (UTS), elongation to break (A) and uniform elongation (A U ) are listed in Table 3 . The YS and UTS values increased by about 50%, while uniform elongation and elongation to failure decreased from 6.8 and 25% to 1.1 and 13.3%, respectively. The distinct differences in mechanical strength were caused by the grain boundaries and dislocation strengthening mechanisms. The values of strength obtained are lower than those for pure copper after 12 passes of ECAP with or without backpressure, where the UTS was about 440 MPa [43] . As was presented, the applied backpressure did not enhance strength, but did significantly improve elongation to break to above 20%, but with 60% for the initial state. Nevertheless, similar results were achieved from the tensile tests in [37] , where the UTS was about 400 MPa and total elongation was below 13% after ten passes of ECAP. Similar values of UTS and YS were also achieved for pure copper after four passes of ARB [24] , while the average grain size, estimated from TEM observations, was about 200 nm, which is significantly lower than in the present study.
The reduced value of uniform elongation for the deformed sample indicates rapid necking. This phenomenon has been observed for UFG copper [44] and also for other severely deformed metals, such as aluminum [45] . The flow stress quickly reaches a maximum value and then decreases gradually, and so, the total elongation is reduced as well. In the case of elongation, the ratio between LAGBs and HAGBs may play an important role. As was presented for aluminum alloys, it is possible to enhance ductility while retaining high strength by lowering the grain boundary misorientation angle [46] . This phenomenon is most pronounced when the lamellar structure is present in the microstructure. Dislocations are able to glide across the LAGBs and accumulate within the lamellar bands. In the present study, the lamellar structure ( Fig. 5 ) with a fraction of LAGBs of 40% made it possible to achieve satisfactory plasticity of above 13%. Figure 6 shows fractures for both samples. The fractures are transcrystalline and ductile, with numerous dimples. A dimple-dominant fracture implies a more ductile fracture, as was shown for ECAP and ECAP with subsequent cold rolling [38] . The mechanism of formation of dimples consists of initiation, growth and coalescence of cavities. The dimples for the CG sample are of comparable size. After SPD processing, dimples with a greater diversity in terms of size can be observed. There are a few large dimples with smaller ones in their interiors. The large ones are formed as a result of the de-cohesive mechanism and the small ones by the dislocation mechanism [26] . Consequently, the higher dislocation density, which behaves as a nucleus of cavity initiation, the higher number of dimples. Their size is also connected with the dislocations. As was shown in [26] , with an increasing number of ECAP passes, the number of small dimples increases, while their size decreases. Such differences can be also seen in the present study. The UFG sample, which is characterized as well by a high density of dislocations and dislocation cells (Fig. 5) , displays a higher number of small dimples, which are hardly seen in the CG sample.
The strength of a material increases with decreasing average grain size, as described by the Hall-Petch equation [47, 48] . Figure 7 presents a Hall-Petch plot (YS as a function of the inverse square root of average grain size) for CG and UFG ETP copper, using the results obtained in the present study and data from the literature. Generally, the experimental data follow a certain trend (marked with a black continuous line), although there is a considerable scattering of data points around the trend line. There are several factors influencing the deviation from the Hall-Petch relationship. First, the Hall-Petch analysis only considers average grain size, while real grain structures exhibit various grain size distributions, which have been shown to affect the strength of metals [49] . Also, the populations of grain boundaries may differ significantly, which strongly affects the strength of metals [50, 51] . In particular, slip transfer through LAGBs is much easier than through HAGBs, and therefore, these represent weaker barriers against the movement of lattice dislocations, resulting in a lower strengthening effect. It should also be noted that the position of points on the Hall-Petch plot may be affected by such factors as dislocation density and/or the content of impurities or alloying elements, as these also contribute to the strength of a material. The microstructure of pure copper processed by various SPD methods [24-26, 37, 38] , whose data are presented in Fig. 7 , was described in terms of average grain size and may differ in other microstructural features mentioned above. The results obtained in the present study, which are marked as black full squares in Fig. 7 , are located above the trend line for both the initial and the deformed samples, which can be attributed to a lower purity of the examined ETP copper (99.9%) resulting in higher yield strength.
Corrosion behavior
Open-circuit potential (OCP) and potentiodynamic polarization (PP) curves are shown in Fig. 8 . The OCP curves are similar, while for the deformed sample stabilization was achieved faster. After 30 min of immersion, the OCP potential shows exactly the same value for both samples. The PP curves also reveal the same character, but there are some differences between the examined samples. The corrosion potential is lower for the initial sample. The differences are not significant, as for the CG sample E corr equals0.28 V Ag/AgCl , while for the UFG sample it is − 0.26 V Ag/AgCl . However, the corrosion current density is lower for the non-deformed sample and equals 1.1 µA/cm 2 , with 4.2 µA/cm 2 for the UFG copper. A region of passivation can be observed in both samples. The observed pitting potential is higher for the UFG sample than for the CG sample, at -0.05 V Ag/AgCl and -0.13 V Ag/AgCl , respectively. The results obtained from the electrochemical measurements in 3.5% NaCl show that the deformation process caused a slight improvement in corrosion resistance, as the corrosion potential is nobler for the UFG copper. Moreover, the UFG sample displays a lower susceptibility to localized corrosion. Nevertheless, the higher corrosion current density for the deformed ETP copper results in a higher corrosion rate [52] .
The dependence between corrosion resistance and grain size has been studied widely. Nonetheless, the results obtained differ significantly, and there is no direct answer to the relationship between these two parameters. For pure aluminum after rotary swaging, the grain refinement caused an enhancement in corrosion resistance [53] . This has been explained by the easier formation of passive films due to the elevated number of defects such as grain boundaries and dislocations, where oxidation of the metal occurs. Moreover, the passive film in the UFG material was more stable and integral due to internal stresses. The corrosion behavior-the shape of polarization curves and the corrosion attack type-does not vary between the UFG and the CG copper. Although in [29] UFG copper was found to be a material with a higher average dissolution rate, caused by the elevated amount of grain boundaries, it revealed much lower localization of corrosion. Similar results were obtained in [30] , where the corrosion damage in UFG copper was much more uniformly distributed in comparison with the CG sample, where selective corrosion was observed. In [52] , the authors proposed a model where, in the traditional Hall-Petch relationship, the yield behavior of the material was replaced with the corrosion rate. As was shown, the corrosion rate depends on passivity, but when passivity or an oxide exists, the grain refinement causes a reduction in the corrosion rate. However, in the absence of an oxide film, the increased number of grain boundaries enhances overall surface reactivity, causing the corrosion rate to increase as well. From the present experiment, the conclusion can be drawn that a refinement in the microstructure of pure copper increases its corrosion resistance in the environment investigated. However, further studies are needed to fully understand the corrosion behavior of UFG copper, particularly surface damage and the dissolution rate.
Electrical conductivity
The ETP copper in the initial state exhibits an electrical conductivity of 100.2% IACS. Grain refinement by mtECAP caused a reduction to 93.1% IACS. This phenomenon has been observed before [1, 6, 26] and is explained by the electron scattering caused by the structural defects. As was shown, the lattice stresses are the highest for foreign atoms [6, 31] , and so, alloying elements in a solid solution are the most detrimental for electrical conductivity. SPD processing and the resulting grain refinement bring about a decrease in the electrical conductivity of pure metals and non-heat-treatable alloys, as reported for commercially pure aluminum and Al-Mg-Mn alloy [6] . However, the electrical conductivity of SPD-processed alloys can be enhanced if an aging process is employed after deformation [31, 54, 55] .
It should be noted that the decrease in electrical conductivity caused by grain refinement in copper is not significant. The literature data show that a grain size reduction to 200 nm did not cause any significant change, as the electrical conductivity decreased by only about 4% IACS [1] . Even less distinct differences were observed in [26] , where the change between undeformed pure copper and copper after 16 passes of ECAP was 2% IACS. In the present study, that difference is slightly higher-about 7% IACS, although the copper used was of a lower purity. With lower purity or a higher content of alloying elements, the differences between the CG and the UFG copper will be more pronounced, as in the case of Cu-3 wt% Ag, where after eight passes of ECAP the electrical conductivity decreased from 97% IACS to 87% IACS [2] .
Thermal stability
The thermal stability of the mtECAP-processed sample was determined by annealing samples at seven temperatures, from 50°C do 200°C, in steps of 25°C. The micro-hardness was measured after 15, 30, 45 and 60 min of annealing. The results are presented in Fig. 9 . As can be seen, for annealing at 50°C, the micro-hardness is constant over the periods of time investigated and is estimated at 127-129 Hv0.2. For annealing at 75°C, the micro-hardness decreases slightly only after 1 h. For the temperatures 100-150°C
, there is a slight drop in micro-hardness at the beginning of the annealing, and it remains constant for longer times. Furthermore, for all three temperatures this drop is the same, and the micro-hardness is about 120 Hv0.2. Only annealing at higher temperatures causes distinct differences in the micro-hardness of the deformed ETP copper. A temperature of 175°C causes a decrease from 115 Hv0.2 to 105 Hv0.2, depending on the annealing time. A temperature of 200°C causes even more pronounced changes, with the micro-hardness decreasing to about 83 Hv0.2. What is more, the values at 45 and 60 min are comparable, which may be evidence of structure stability at this temperature. For the undeformed sample, the initial value of micro-hardness was about 105 Hv0.2, and this also decreased after annealing at 200°C for 60 min to 85 Hv0.2, which is similar to the value for the deformed copper annealed under the same conditions.
The thermal stability of the samples after SPD processing was relatively low, due to a high stored Figure 9 Thermal stability of deformed sample of Cu. energy and a low apparent activation energy for recrystallization [56] . The recrystallization temperature of the deformed materials decreased sharply with increasing strain, but after a steady grain size in the UFG copper, the recrystallization temperature become independent of the stored energy [57] . As was shown in the case of UFG copper, the microstructure coarsening occurs through discontinuous recrystallization and is caused by heterogeneities induced by the SPD processing and improved nucleation conditions [35] . The results presented are promising for potential applications. The thermal stability of mtECAP-processed copper is enhanced in comparison with other studies, where annealing for 10 min at 150°C caused a steep drop in micro-hardness, meaning in the recrystallization process [43] . The relatively small drop in microhardness in the present study up to a temperature of 150°C is caused by a recovery process. Generally, the thermal stability of UFG copper is assumed up to a temperature of 120-150°C, while above 150°C recovery followed by recrystallization and abnormal grain growth is observed [58] .
Conclusions
From the experiments conducted, the following conclusions can be drawn:
1. The mtECAP process revealed a high efficiency in terms of grain refinement in ETP copper (a grain size reduction from almost 16 µm to about 600 nm after six passes was obtained). In addition, mtECAP led to a UFG microstructure with the fraction of HAGBs of about 60%, regardless of the plane examined. 2. The grain refinement caused an improvement in YS and UTS of about 50%, with a decrease in elongation to failure to a satisfactory value of 13.3%. 3. The UFG sample revealed higher corrosion and pitting potentials, which indicates better corrosion resistance in a 3.5% NaCl environment. Meanwhile, a higher corrosion current density was obtained for the UFG sample, which may result in a higher corrosion rate. 4 . The grain refinement caused only a slight decrease in electrical conductivity (7% IACS).
5. mtECAP-processed ETP copper is thermally stable up to a temperature of 150°C for 1 h of annealing. At higher temperatures, a significant drop in micro-hardness is observed, which is related to the recrystallization process. 6. The enhancement in mechanical strength while maintaining high electrical conductivity and thermal stability makes UFG copper processed by mtECAP attractive for industrial applications such as electrical installations.
Processing with the mtECAP method makes it possible to control the properties of a material by controlling its microstructure. There is enormous potential for optimizing mechanical strength and electrical conductivity, which are crucial for applications of electrolytic tough pitch copper. This material is broadly used in industry, but as was shown in the present study, its properties can be further enhanced. For this purpose, the mtECAP method is superior, as a process with unlimited potential for deforming materials and facilitating modifications of them.
